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program comprises three research-in-development projects supported by the United States 
Agency for International Development (USAID) as part of the U.S. Government’s Feed the 
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Through action research and development partnerships, Africa RISING is creating 
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particularly for women and children, and conserve or enhance the natural resource base. 
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The semi-arid region of Mali is characterized by intensive agricultural practices, land 
degradation, and extreme climatic variability. Soil erosion is a major problem for agricultural 
productivity. Because erosion affects the whole landscape, interventions to mitigate it at 
individual farm levels seldomly have an effect. Excessive and uncontrolled erosion leads to 
the loss of important soil nutrients like Nitrogen (N), Phosphorus (P), Potassium (K), and 
consequently a decline in potential crop yield at plot and farm levels. Until recently, 
sustainable land management practices in most parts of southern Mali focused on reducing 
runoff and soil loss at plot or farm level through soil and water conservation (SWC) practices 
such as contour bunding. Though important in its application at plot or farm level, the 
efficiency of contour bunding is limited in addressing landscape degradation and loss of crop 
productivity. Excessive soil erosion is caused by an accumulated runoff from farms, grazing 
areas, or bushlands.  
 
Landscape level information about the processes of soil erosion, water infiltration and the 
associated loss of valuable nutrients is often missing in most studies. In this study, we 
identified crop management factors that affect soil nutrient loss at the landscape level 
including identifying and mapping erosion factors. By estimating the rainfall erosivity factor, 
soil erodibility factor, and topographic factors responsible for runoff generation in the 
watershed villages of Bougouni and Koutiala, we can build model parameters through 
empirical relations, GIS and Remote sensing techniques. The results of this study will be 
useful in providing guided information on the importance of controlling soil erosion at a 
landscape level and also predict spatial distribution of the plant nutrients needed to increase 
crop productivity. Mapping soil erosion risk identifies vulnerable areas for environmental 
protection. Decision makers can therefore use this information to develop informed natural 
resource conservation strategies and measures. Additionally, quantifying the economic value 
of soil erosion helps them to prioritize aspects of soil conservation and integrated watershed 


























Data and data sources 
Different data sources were used in this study. The in-situ and satellite-based information 
were collected and archived from Africa RISING (AR) database and from USGS website.  
From the Africa RISING database, soil properties collected in the year 2015 were used for 
mapping of erodibility assessment and the impact of land use on soil nutrients; Carbon (C) 
Nitrogen (N), Phosphorous (P), and Potassium (K). In 2015 soil samples were collected in 10 
Africa RISING villages and sampling sites were selected through a stratified random sampling 
technique (the strata included geographical location, Contour Bunding Technology (CBT) or 
no CBT, food crop type and mixture, natural bush and /or grazing land, agroforestry or forest 
practiced, presence of termitarium and, oxen kraaling sites). Table 1 describes the ten 
communities of AR intervention areas where a minimum of 29 composite soil samples from 
0-15 cm depth with distribution across the strata were sampled. On a farmer’s field, samples 
were taken at five points across two diagonal transects and the coordinates at the midpoint 
determined using hand-held GPS and recorded as coordinates of the sampled soil on the 
farmland. Standard laboratory soil tests were employed to evaluate the fertility status of the 
soils from ten AR intervention villages of the Bougouni and Koutiala Districts. 
 
The satellite-based information was used to derive Landsat images which used to produce 
land use maps and the crop management factors used in the empirical model of the Revised 
Universal Soil Loss Equation (RUSLE). In addition, the Digital Elevation Model (DEM) was 
derived from Landsat images to determine empirical parameters of RUSLE. 
 
The rainfall data from 2000 to 2019 were collected from national meteorological stations in 
both Bougouni and Koutiala districts. Monthly precipitation images were accessed at 1 km 
spatial resolution based on the CHELSA climate dataset obtained from http://chelsa-
climate.org (Karger et al. 2016). CHELSA climatological data has an accuracy in predictions of 
precipitation patterns than the CRU and ERA-Interim (Karger et al., 2017). CHELSA products 
are in a geographic coordinate system referenced to the WGS 84 horizontal datum, with the 
horizontal coordinates expressed in decimal degrees. The data are in geotiff format which 
can be viewed using GIS software. 
 
Table 1: Soil sample collection villages in the two districts 
Village  Longitude  Latitude Population  Mean rainfall 
Madina 11.35  -7.66 1582 1137 
Dieba 11.51 -7.931 1121 1139 
Sibirila  11.43 7.77 929 1138 
Flola  11.42  -7.64 465 1102 
Nampossela  12.33  -5.34 2443 813 
N’golonianasso 12.43 5.70 4383 849 
M’pessoba 12.67 -5.71 9862 800 
Sirakele 12.52  -5.47 4502 818 
Kani  12.25 -5.19 2488 944 
Zanzoni  12.61  -5.57 3463 842 






Methods of data analysis 
Revised Universal Soil Loss Equation (RUSLE) 
The Revised Universal Soil Loss Equation (RUSLE) was developed by Renard et al., (1997) 
based on the modifications of USLE (Weischmeir and Smith, 1978). There were many studies 
on soil erosion over the globe (Leh et al., 2013; Jazouli et al., 2019) which used RUSLE to 
predict annual soil loss, results revealed that land use has an impact on the rate of erosion.  
 
The RUSLE model uses five different raster layers processed by overlay analysis to generate 
the annual soil loss rate of each cell using the “raster calculator”. In the present study soil 
erosion was estimated using RUSLE (eq:1) based on the Raster Calculator technique in 
ArcGIS 10.2. The five factors (raster) used in the RUSLE model are: K, L, S, C and P factors.  
 
The erodibility (K) factor is an indicator of soil detachment and transport by raindrop impact 
and runoff. Length (L) and Slope (S) factors stand for the dimensionless impact of slope 
length and steepness, while (C) and (P) represent the dimensionless impacts of cropping and 
management systems and of erosion control practices. 
 
 
𝐴	 = 𝑅	 × 	𝐾	 × (𝐿	 × 	𝑆) 	× 𝐶	 × 	𝑃     eq:1  
 
where A is the rate of soil loss (ton ha−1 yr−1), R is the annual rainfall erosivity factor 
(MJ mm ha−1 h−1 yr−1), K is the soil erodibility factor (t ha yr. ha−1 MJ−1 mm−1) L=slope length 
erosivity factor, S =slope erosivity factor, C = cropping management factor, and P = 
conservation practices factor. 
 
The rainfall erosivity factor (R) is the combination of the effects of the duration, magnitude, 
and intensity of rainfall events. R is built on mean annual rainfall. K factor is determined 
from soil texture map. Slope (S) and slope length (L) values are calculated from the Digital 
Elevation Model (DEM) of 30 x 30 meters resolution. 
 
 









Rainfall Erosivity Factor (R) 
Rainfall Erosivity Factor, R values of each agroecological zones were calculated using CHELSA 
database, grided data used for the computation of R was from 1979 to 2016. There had been 
no previous studies to determine the soil loss equation using topographical factors for 
Malian catchments, hence the equation provided by Hurni (1985) was adopted (eq. 2). This 
formula has been used in most parts of Africa.  
 
𝑅	𝑓𝑎𝑐𝑡𝑜𝑟 = −8.12 + 0.562 ∗ 𝑃                     eq.2 
 
Where R is the rainfall erosivity factor in MJ mm ha−1 h−1 year−1 and P is the mean annual 
rainfall in millimeters. 
 
Soil Erodibility Factor (K) 
Data available in AR database for Mali was used to validate a gridded data from Africa soil 
profile (https://data.isric.org/geonetwork/srv/eng/catalog.search) and adequately 
determine soil erodibility factor (K). For many studies, authors used texture, structure, 
organic matter, and permeability to estimate K factors. The parameters used for the 
calculation were based on soil texture (sand, silt and clay) of the topsoil at 15 cm (Mannigel 






	              eq.3 
 
Slope Length (L) and Slope (S) Factors 
Slope and slope length (LS-factor) were determined from both the slope length and slope 
gradient. Digital elevation model (DEM) with 30m spatial resolution and GIS technique were 
used to generate slope gradient and slope length. The Spatial Analyst Toolbox and the Map 
Algebra Raster Calculator in Arc GIS 10.2.2 environment was used to generate multiple slope 
maps and flow accumulation as well as to calculate and generate the topographic factor 
map. The flow accumulation was calculated from the Spatial Analyst Hydrology toolset of 
ArcMap in ArcGIS environment. The slope of the study area in percentage was calculated by 
the Slope tool in the Spatial Analyst Surface toolset of ArcMap from digital elevation model 
(DEM) of the districts. DEM with a spatial resolution of 30m was used to generate a map of L 
and S factors.  
The spatial resolution of the validated DEM data was 30 meters, and the elevation accuracy 
was 20 meters. The data was downloaded from: 
https://lpdaacsvc.cr.usgs.gov/appeears/download/4d436aca-c5be-4011-981f-
1e6020f37c79. The data was used to determine and map the slope length and slope of the 
topographic factors in the study area.  The determination of LS factor was done using eq. 4. 
 
𝐿𝑆 = 𝑃𝑜𝑤 >[𝑓𝑙𝑜𝑤	𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛] ∗ #$%&'()*&+
,,.!,"./
	F ∗ 𝑃𝑜𝑤	 >𝑠𝑖𝑛 ([%'&2$	&4	567])
".":;<,!./
F ∗ 1.4  eq.4 
 
Where flow accumulation denotes the accumulated upslope contributing area for a given 
cell, LS = combined slope length and slope steepness factor, with a resolution of 30 m × 30 m 
grid cell size and sine slope value of slope degree. 
 
 
Crop Management Factor, C 
Crop management factor, C, is used to reflect the effect of cropping practices on erosion in 





vegetation zones. In the present study the C-values used in the computation of RUSLE were 
adapted from Jazouli et al., (2018) (Table 2).  
 
Table 2: Attribute values of vegetation cover (C-factor). 
Classes  C-factor 
Built-up land  0.003 
Forest  0.004 
Bare land  1 
Water body  0 
Agriculture  0.4 
Natural vegetation 0.025 
 
 
Conservation Practice Factor (P-factor) 
The conservation practice factor can be considered as the ratio of soil loss with a specific 
support practice to the corresponding soil loss. The P-factor values range from 0 to 1 
depending on land use/cover types. The highest value is assigned to areas with no 
conservation practices or with high slope while minimum values correspond to built-up land 
and plantation area with strip and contour or in small slopy areas. The P values in Table 3 are 
based on land cultivation method and slope (Shin, 1999). 
 
Table 3: Support practice factor (P) 
Slope % Contouring Strip cropping Terracing 
0-7 0.55 0.27 0.10 
7-11.3 0.60 0.30 0.12 
11.3-17.6 0.80 0.40 0.16 
17.6-26.8 0.90 0.45 0.18 



























To estimate soil erosion rates, the five-factor layers produced from different sources were 
transformed into a grid with 30×30m cells in a uniform coordinate system.  
Individual RUSLE factors 
Rainfall Erosivity Factor (R) 
The results on Rainfall Erosivity Factor showed a decrease in R values from 683 MJ mmha−1 
h−1 y−1 in the southern and western zones to 180 MJ mmha−1 h−1 y−1 in the northern and 
eastern zones southeast of Bougouni district, depending on the precipitation characteristics. 
In Koutiala district, the R factor ranged from 476.7 to 226 MJmmha−1 h−1 y−1. The result 
explains the variations in rainfall intensity at different locations within the district (Figure 2). 
 
 












Figure 2b: Rainfall erosivity factor (R) in Koutiala District. 
 
Soil Erodibility Factor, K 
Soil detachment and transport caused by the impact of raindrop and surface flow are 
represented by the K factor. The value of K is closely related to soil texture, organic matter 
content, structure and permeability. The results presented in Figure 3 show that the K factor 
values were spatially distributed between 0.073 to 0.015 t.ha.h. ha-1MJ-1mm-1 for Bougouni 
district while in Koutiala it was ranged between 0.092 to 0.014 t.ha.h. ha-1MJ-1mm-1. In 
comparison the soil in Bougouni resist erodibility better than Koutiala soil, however, soil 







Figure 3a: Soil erodibility factor in Bougouni district. 
 
 








The Slope and slope length (LS) map obtained showed that the LS values ranged from 1.4 to 
58 for Bougouni while Koutiala ranged between 1.4 to 33. 
 
 




















Figure 4b: Slope length, slope steepness factor map in Koutiala. 
 
Crop support practice factor (P) 
The value of crop support practice ranged from 0.55 to 1 based on the slope between 7 to 
26.8 in the studied Districts. In Bougouni District the first class (0.55%) of P factor occupied 
an area of 89.34% and the last (1%) has 0.21% of the District land mass. However, in Koutiala 
District, 61.83% of the area has a slope of 0.55% while 1.61% of Koutiala land mass has a 







Figure 5a: Conservation practices (P) in Bougouni district. 
 
 









The maximum amounts of C were for the water body and the minimum C value represented 
by the forests in the two districts. The two zones have the same land use and land cover 
types. The C values (Table 2) were attributed to different land uses in the two districts to 
produce Figure 6. The land use and cover map were made in 2015 and 2019 for the 
determination of crop management factor. These maps were used for modeling soil erosion 
in the two districts. All the parameters used for 2015 and 2019 were the same with the 


















Figure 6b: Crop cover factor maps for 2019 in Bougouni district. 
 
 








Figure 6d: Crop cover factor maps for 2019 in Koutiala district. 
 
Annual soil loss from RUSLE model 
Annual soil loss in Bougouni 
Figure 7 shows the maps of soil erosion in Bougouni district in 2015 and 2019. The rate of 
erosion was classified into five categories ranging from low to severe. The statistic of the 
erosion is presented in Table 4. The results revealed that low erosion scored a higher 
percentage of 71.70 and 69.67% for 2015 and 2019 respectively. Low percentages were 



















Figure 7a: Annual soil loss in Bougouni District for 2015. 
 
 






Table 4: Results of soil erosion rates in 2015 and 2019 from empirical relations and RUSLE in 
Bougouni District 
Soil erosion rate  
(t ha-1year-1) 
Area (2015) Area (2019) Changes in 
percent (%) Ha % Ha % 
Low (<5) 1,364,299.83 71.70% 1,325,540 69.67% -2.04% 
Moderate (5-11) 323,838.72 17.02% 506,909.00 26.64% 9.62% 
High (11-25) 202,994.10 10.67% 65,297.60 3.43% -7.24% 
Very High (25-50) 10,202.22 0.54% 4,459.05 0.23% -0.30% 
Severe > 50 1,355.22 0.07% 481.41 0.03% -0.05% 
 
Annual soil loss in Koutiala district 
 
Figure 8 shows the maps of soil erosion in Koutiala district in the years 2015 and 2019. The 
rate of erosion was classified into five categories ranging from low to severe. The statistic of 
the erosion is presented in Table 5. The results revealed that low erosion scored a higher 
percentage of 64.9% and 65.45% for 2015 and 2019 respectively. Table 5 shows an increase 
of 1.16%, 0.06%, and 0.58% respectively in the low, moderate and very high categories. On 
the other hand, erosion declines of -1.78% and -0.02% were recorded for the high and 
severe categories respectively.  
 
 








Figure 8b: Annual soil loss in Koutiala District in 2019. 
 
Table 5: The area of soil erosion potential classes for two study years in Koutiala 
Soil erosion rate  
(t ha-1year-1) 
Area (2015) Area (2019) Changes in percent (%) 
Ha % Ha %  
Low (<5) 597,941.00 64.29% 608,829.00 65.45% 1.16% 
Moderate (5-11) 248,757.00 26.74% 249,271.00 26.80% 0.06% 
High (11-25) 77,632.10 8.35% 61,102.70 6.57% -1.78% 
Very High (25-50) 5,033.25 0.54% 10,452.50 1.12% 0.58% 
Severe > 50 748.08 0.08% 518.31 0.06% -0.02% 
 
Land use and cover change  
Land-use/land-cover maps were classified into six classes, namely: agricultural land, bare 
land, water, settlements, forest, and natural vegetation. This was done for each agro-
ecological zone and the data for 2015 and 2019 was analyzed. As shown in Fig.9, in 2015, 
most of the land area in Koutiala District was covered by natural vegetation and agricultural 
land at 53.49% and 34.67% respectively. Others land use types in 2015 were as follows: Bare 
land at 5.85% and settlements at 0.70% of the area. In 2019, agricultural land and natural 
vegetation had increased to a combined total of 93.46% (a  5.3% increase from 2015). In 
Bougouni District, new types of agricultural systems reflect on land use and cover changes. 
Farmers are clearing the forest for commercial trees which is the cause of a decline in the 
size of forested areas. Agroforestry is also practiced on most of the bare land, thus 
accounting for their decrease in 2019 (Table 6). In both districts, the three land uses that 
decreased were forests, water bodies and bare land. 
 
Change detection was evaluated in the study area between the two periods (Table 7). 
Natural vegetation was the only land use category which significantly increased (by 5.83%) 





and agriculture by 0.02% and 0.13% respectively. The reason behind the increases of natural 
vegetation is the implementation of agroforestry systems. The high rate of reduction of 
water bodies can be related to seasonality of rainfall amount. The agricultural area increased 
due to population increase and the introduction of mechanization. 
 
 













Figure 9b: Land use /land cover of Bougouni District in 2019. 
 
 







Figure 9d: Land use /land cover of Koutiala District during 2019. 
 
Table 6: Land use- land cover area in 2015 and 2019 (Km2) in Bougouni 
Land use/land 
cover 
Area (2015) Area (2019) Changes in percent 
(%) Changes Km2 % Km2 % 
Settlements 44.0901 0.22% 45.5643 0.23% 0.01% 
Water 154.127 0.78% 141.683 0.72% -0.06% 
Forest 2,152.59 10.91% 827.492 4.19% -6.72% 
Bare land 1,788.99 9.06% 373.638 1.89% -7.17% 
Natural vegetation 11,677.10 59.17% 12828.92 65.00% 5.83% 
Agriculture 3,919.44 19.86% 5519.02 27.96% 8.10% 
 
Table 7: Land use- land cover area in 2015 and 2019 (Km2) in Koutiala 
Land use/land 
cover 
Area (2015) Area (2019) Changes in percent 
(%) changes Km2 % Km2 % 
Settlements 66.79 0.70% 68.68 0.72% 0.02% 
Water 116.0976 1.21% 16.30 0.17% -1.04% 
Forest 393.0814 4.09% 205.65 2.14% -1.95% 
Bare land 561.5779 5.85% 337.61 3.52% -2.33% 
Natural vegetation 5,137.06 53.49% 5,633.94 58.66% 5.17% 














Variation of C, N, P, K under different land use types 
The N, P and K are among the macronutrients and very important for plant development. 
Nitrogen (N) is the macronutrient that is required by crops in large amounts and crop 
production is mostly limited by its deficiency in agricultural soils. The plants need the same 
amount of potassium and nitrogen for growth. Phosphorus (P) is required by plant to 
increase yield of crop. Soil organic matter C improves soil physical and chemical 
components.  
 
Table 8 shows the variation of soil nutrients under land use types in Bougouni District. The 
results from analysis of variance (ANOVA) showed that there is significance variation of N, P, 
K and C across different land use categories in both Bougouni and Koutiala. The p-value for 
each soil property (N, P, K and C) under different land uses was less than 1% (P<0.01).  
 
The mean value of soil nitrogen varies from 591.82 mg/kg with 52.96 as standard deviation, 
in agriculture land to 796.75 mg/kg in water body. Low quantity of nitrogen in agriculture is 
due to continuous farming and monoculture. The nitrogen in water is due to soil erosion 
which carries away the topsoil and thereby denies plants growth this important mineral. The 
phosphorus variation in Bougouni district ranged from 376.87±70.42 to 469.34±140.55 ppm 
in forest and settlements. It was also established that phosphorus was low in the vegetation 
and forests compared to the rest of land uses.  
 
The potassium values for all land uses were in the range of a hundred with the exception of 
settlements, which registered the lowest with 93.52±13.13 cmol+/kg. The highest potassium 
value was noted in water bodes (at 108.42±24.44 cmol+/kg).  
 
Carbon registered the lowest values of all the soil minerals checked. As shown in Table 8, the 
highest quantity of carbon values and the lowest were observed in settlements area. In 
conclusion, this study registered the highest values for N, K and C in water. 
 








cmol+/kg Carbon (mg/kg) 
Agriculture 591.82±52.96 407.24±84.44 102.93±14.71 8.36±2.67 
Settlements 629.69±69.48 469.34±140.55 93.52±13.13 6.78±0.83 
Water 796.75±175.97 425.86±99.49 108.42±24.44 13.65±4.95 
Forest 679.71±75.45 376.87±70.42 102.42±12.22 9.88±2.62 
Bare land 682.77±93.96 450.49±128.90 104.15±13.85 10.43±2.66 
Vegetation 694.68±62.34 385.95±90.50 100.24±13.41 9.30±1.71 
 
The results in Table 9 revealed that water had the highest nitrogen content while bare land 
registered the lowest with 675.97±112.83 and 515.087±67.34 mg/kg respectively in Koutiala 
District. Amongst all the land use categories, Agriculture had the lowest quantity of the four 
soil nutrients assessed - N = 479.04±65.14 mg/kg, P = 399.25±117.19 ppm, K= 101.13±8.20 
cmol+/kg and 4.98±1.38 mg/kg respectively. Despite the high value of phosphorus observed 
in the settlements, other high values were noted under the water body as in Bougouni. This 
result is an evidence of the impact of erosion on soil nutrient status. The first thirty 
centimeter of the soil (topsoil) is the richest layer for soil nutrients for rainfed agriculture 






Table 9: Mean values of soil nutrient properties across different land uses in Koutiala 
Land use 
Soil properties 
Nitrogen (mg/kg) Phosphorus (ppm) Potassium cmol+/kg Carbon (mg/kg) 
Agriculture 479.04±65.14 399.25±117.19 101.13±8.20 4.98±1.38 
Settlements 517.196±47.11 520.88±189.29 107.04±8.59 6.14±1.56 
Water 675.97±112.83 424.02±87.73 114.98±7.14 8.55±2.18 
Forest 534.06±69.95 418.64±63.07 109.07±9.46 5.68±1.33 
Bare land 515.087±67.34 419.55±91.63 103.40±10.11 5.34±1.22 
Vegetation 516.60±66.00 411.19±63.30 106.56±8.50 5.01±1.34 
 
Comparison of CNPK of land uses categories in different agro-
ecologies 
Comparison between soil properties (crop management factors) in two agroecological zones 
of Bougouni and Koutiala Districts are presented in Figure 10. In the graphs, the line in blue 
represents Bougouni while the red line represents Koutiala. Bougouni has high 
concentration of nitrogen than Koutiala. The variance between these two districts was 
dependent on land uses.  Across the three land uses (agriculture, water and bare land), 
phosphorus was higher in Bougouni than Koutiala and vice versa for the three other land 
uses (settlements, natural vegetation and forest).  
 
The bias was calculated to determine the variations between Bougouni and Koutiala. The 
result was negative. This shows that Koutiala has higher phosphorus content across the 
different land uses than Bougouni. The same applies to potassium values confirmed by a 
mean difference (-5.08). Of the two agroecological zones, Bougouni had more carbon 
content than Koutiala across all land uses.  
 
 
Figure 10: Variation of soil nutrients under different land uses in the two agroecologies 






Conclusion and recommendation 
Landscape patterns determine physiographic characteristics that affect the rate of soil loss 
from agricultural fields. Through a spatial modelling in two agroecologies of Mali (Sudan and 
Guinee Savana) and empirical relations, parameters that determine the rate of soil loss were 
determined, and hence soil loss was estimated using the Revised Universal Soil Loss 
Equation (RUSLE). Results in two periods (2015 and 2019) revealed a moderate rate of soil 
erosion from agricultural fields in both agroecologies. In the majority of the landscapes (88% 
in Bougouni and 90% in Koutiala), the average rate of soil loss was less than 11 ton per 
hectare per year. There hasn’t been significant difference in soil loss rate from 2015 and 
2019. Spatial nutrients modelling and mapping revealed that there is a high deficiency of 
micronutrients (N, P, K and C) that are essential for plant growth. Surprisingly, much of these 
nutrients are found in the water bodies driven by soil erosion, thus leaving little amount in 
the agricultural fields.  Result of this study is useful in providing guided information on the 
importance of controlling soil erosion at a landscape level and retain important plant growth 
parameters in most agricultural fields. Land planners, government extension services and 
local NGOs can therefore use the result of the study to develop informed natural resource 
conservation strategies and prioritize intervention measures to protect soil loss in many 
agricultural fields. Additionally, quantifying the economic value of soil erosion helps them to 
prioritize practical aspects of soil conservation and integrated watershed management 
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